Acid casein powder was used to prepare caseinate solutions (27 g/kg) with different ionic milieus: sodium caseinate (NaCN, I ~0.015 mol/L) and calcium caseinate (CaCN, I ~0.03 mol/L) were obtained by neutralisation with NaOH and Ca(OH)2, respectively, and dissolving in phosphate buffer resulted in a high ionic strength caseinate solution (CN-PB, I ~0.16 mol/L). Treatment with microbial transglutaminase (mTGase) for defined incubation times lead to different extents of casein cross-linking, which were characterised by size exclusion chromatography and the N-ε-(γ-glutamyl)-lysine isopeptide content (IC). Maximum polymer size was reached at ~90 % casein polymerisation, and increased in the order NaCN < CN-PB < CaCN. Further enzyme treatment, however, increased the IC, pointing to cross-links within existing polymers. We suggest that the maximum polymer size is determined by the size of casein particles resulting from self-assembly in solution and that mTGase preferably acts on molecules within the same particle. Enhanced association at higher ionic strength (CN-PB) or in the presence of bivalent cations (CaCN) may therefore result in larger covalently cross-linked casein polymers. Furthermore, oscillation rheometry revealed that the relationship between casein cross-linking and stiffness of gels acidified with glucono-δ-lactone depends on the ionic milieu. While for NaCN G'MAX increased with the time of cross-linking, the presence of ions resulted in the highest G'MAX at moderate cross-linking intensities. This was also observed when NaCl was added to cross-linked NaCN. The results suggest that electrostatic attraction during gel formation are interfered by ions and cannot be compensated by rearrangements in case of extensively cross-linked casein particles. 
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Rheological measurements
Small strain oscillation rheometry using a strain controlled ARES RFS3 rheometer (TA Instruments, Eschborn, Germany) with a cup and bob geometry (di = 32 mm, do = 34 mm, h = 33.5 mm) was conducted to record gelation curves. Temperature equilibrated samples were blended with GDL (35 mg/g for NaCN and CaCN, 40 mg/g for CN-PB), transferred into the rheometer geometry immediately after mixing, and the sample surface was covered with paraffin oil to prevent evaporation. Temperature was controlled at the outer cylinder by a computer controlled circulator, and storage modulus G' (Pa) and loss factor (tan δ) were recorded every 60 s at 30 °C, ω = 1 rad/s, and γ = 0.003, which is within the linear viscoelastic region (Rohm et al., 2014) . Measurements were stopped after 60 min, and maximum storage modulus (G'MAX) and tan δ at G'MAX were taken as evaluation measures. All results shown are mean values from duplicate experiments. Fig. 1 shows the progress of enzymatic cross-linking in the different ionic milieus. For all samples, polymerisation was almost complete after 24 h of incubation (i.e., PD ~100 %), although PDs observed for NaCN were slightly lower at all incubation times. IC of NaCN and CN-PB were, however, in good agreement, suggesting that the activity of mTGase was hardly affected by ionic strength. In contrast, CaCN showed a lower IC after 24 h of mTGase treatment. Kütemeyer, Froeck, Werlein, & Watkinson (2005) reported that mTGase activity at 50 °C was considerably decreased by CaCl2 concentrations of 0.45 -1.80 mol/L. Both temperature and Ca 2+ concentration were lower in the current study (40 °C, 0.013 mol/L), but may be responsible for a partial inactivation of mTGase during incubation for 24 h. Since the progress of polymerisation was similar for CaCN and CN-PB, we assume that the susceptibility of casein monomers to mTGase cross-linking was not dramatically reduced by Ca 2+ -induced aggregation, although other authors observed dense casein domains comparable to micro-phase separation (Thomar, Nicolai, Benyahia, & Durand, 2013) .
Results and discussion
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The respective chromatograms from SEC ( Fig. 2) depict that individual casein types show slightly different elution times when injected separately, whereas they eluted as a single peak when caseinate samples were analysed. Nevertheless, single casein standards indicate the position of αS-, β-, and κ-casein within the monomer peak and allow drawing conclusions on the polymerisation velocity of the different casein types. Independent of the ionic milieu, β-casein was completely polymerised after 1 h of mTGase treatment since no signal was obtained at ~22 -23 min of elution. In NaCN and CN-PB, a bump at ~24 -25 min implies that κ-casein remained longest in the monomeric state, which is consistent with previous results obtained from gel electrophoresis (Jaros et al., 2010; Macierzanka et al., 2011; Partanen et al., 2008) . In CaCN, however, κ-casein was polymerised faster than αS-casein. It has been reported for casein micelles that κ-casein is first cross-linked because of its good accessibility at the micelle surface (Hinz, Huppertz, & Kelly, 2012; Huppertz & de Kruif, 2007; Jaros et al., 2010) . This suggests that κ-casein in CaCN is also a preferred substrate as a consequence of Ca
2+
-induced aggregation of αS-caseins.
Casein polymers in CN-PB eluted earlier (~14 -17 min) than polymers in NaCN (~15 -20 min), indicating that polymers in CN-PB are larger (see Fig. 2 ). Furthermore, polymer peaks of NaCN and CN-PB differed only marginally between 3 and 24 h incubation although IC increased by a factor of ~2 (Fig. 1 ). This implies that isopeptide bonds were mainly formed within already existing casein polymers, and suggests that this maximum polymer size increases with increasing ionic strength as a consequence of self-association into casein particles with a higher monomer number (HadjSadok et al., 2008) . Cross-linked CaCN contained the largest casein polymers (elution at ~13 -16 min), but in contrast to NaCN and CN-PB, the shape of the polymer peak changed with ongoing cross-linking: a peak of lower intensity was obtained after 1 h of cross-linking (~13 -15 min), which became sharper and was shifted to higher elution times with further mTGase treatment (~14 -16 min). This suggests a change in polymer conformation from loose and openstructured macromolecules to dense and compact particles with decreased hydrodynamic volume as a result of internal isopeptide bonds and monomer incorporation. A shoulder emerging at ~13 -14 min after cross-linking for ≥3 h indicates an additional small fraction of very large polymers. 2.53 and 2.85 mol isopeptides per mol casein were found in CN-PB and NaCN incubated for 24 h, respectively, which is approximately three times higher than the minimum amount of cross-links in a polymer (0.9 mol/mol) and likely increased the density of the casein polymers again. With regard to gel networks, a higher tan δ is usually associated with a more pronounced dissipation of the applied shear energy when the disruption of weak physical bonds allows particle movements (Belyakova et al., 2003) . This means that the mobility of loosely cross-linked, open-structured casein polymers in the gel network is probably impaired for steric reasons (e. g., size, entanglements) and/or because of stronger interactions. In contrast, particle movements might be facilitated again after extensive cross-linking because of an increased compactness of the polymers. below the isoelectric point of casein by facilitating particle movements in the gel network.
Acid-induced gelation of cross-linked caseinate
The final question that remains is why ions change the relationship between casein cross-linking and maximum gel stiffness. Lucey et al. (1997) elaborated that attractive electrostatic interactions between casein particles are important for network formation, and that screening of charges by ions weakens these interactions; this resulted in lower gel stiffness. It is, however, obvious that this effect is more pronounced when casein particles are extensively cross-linked. In pure NaCN, mainly positively charged ions (~0.025 mol/L Na + ) are present to interfere with electrostatic interactions by screening negative charges on the surface of the casein particles. Hydrophobic interactions as well as additional covalent cross-links in the interior contribute to particle stiffness, leading to increasing G'MAX of acid gels with ongoing mTGase treatment. At higher ionic strength, introduced either prior to (CN-PB) or after cross-linking (NaCN with NaCl), positive charges are additionally screened by high concentrations of negatively charged ions (i. e., phosphate, chloride), and attractive electrostatic interactions during gelation are reduced. Loosely cross-linked casein molecules (incubation for ≤3 h) may be able to reorganise during acidification so that especially hydrophobic interactions between casein particles are facilitated and covalent cross-links contribute additionally to gel stiffness. Extensively cross-linked particles, however, are fixated in their distinct conformation and such rearrangements are therefore impeded, resulting in lower G'MAX.
As concerns the gelation of CaCN, considerably lower G'MAX were reached compared to the respective NaCN samples (see Fig. 3 ). This is consistent with results from Matia-Merino et al. incubation. This assumption could be confirmed to some extent by adding 0.015 mol/L CaCl2 to cross-linked NaCN prior to gelation: G'MAX of 1 and 3 h incubated NaCN were very similar in this case (Fig. 5) , i. e., the behaviour was intermediate between NaCN and CaCN. Ca ions. Furthermore, tan δ at G'MAX of these gels were very close to those of the pure NaCN gels (see Fig. 4 ), underlining that the low values of CaCN gels are connected to the polymer size rather than the ionic milieu.
Conclusions
The current study strongly points to the importance of considering the ionic milieu for enzymatic cross-linking and acid-induced gelation of caseinate. Larger casein polymers were formed by mTGase at higher ionic strength and in the presence of bivalent cations, and polymers underwent extensive internal cross-linking during prolonged incubation, indicating that maximum polymer sizes depend on the self-association of casein molecules in different ionic milieus. Additionally, the presence of ions affected the relationship between casein cross-linking and gel stiffness. G'MAX of NaCN without ions increased progressively with increasing cross-linking intensity, probably because electrostatic interactions were not disturbed and isopeptide bonds contributed to stiffness of the casein particles. In the presence of ions, introduced either prior to or after cross-linking, a reorganisation of casein molecules might facilitate other attractive interactions, e.g. hydrophobic interactions. Such rearrangements were, however, impeded in case of extensively cross-linked casein particles and the loss in electrostatic attraction could not be compensated; this resulted in a shift of the highest G'MAX to shorter incubation times. The current findings underline that knowledge on interactions between cross-linked caseinate and food constituents such as salts is crucial for the application as a techno-functional ingredient in food design. 3 (dark grey), and 24 h (black) with 3 U microbial transglutaminase per g casein at 40 °C. NaCl was added in the specified concentrations after incubation and had no effect on the acidification profile.
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